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1

Abstract
Traditionally, studies of polymeric organogels focus on the impact of polymer

factors (e.g., molecular weight and polymer concentration) on the gels’ mechanical and
transport properties. Alternatively, this study seeks to assess the impact of altering
solvent viscosity, while holding polymer factors constant. The gels in this study were
composed of different viscosity mineral oils, styrene-ethylene-butylene-styrene
(SEBS) triblock copolymer as a gelator, and oleic acid (OA) as a model drug. Samples
were formulated to have 6.5, 11.2, and 15.7 wt% SEBS copolymer for each mineral oil,
varying in viscosity from ≈30 mPa*s to ≈500 mPa*s. Uniaxial mechanical testing was

performed to determine Gc, the modulus contribution from the physically crosslinked
network, and Ge, the modulus contribution from chain entanglements. Examining the
data from these experiments indicates that Gc and Ge only vary with polymer
concentration. In a separate set of experiments, Fourier Transform Infrared
Spectroscopy (FTIR) was used to track the diffusion of OA out of the gel. Modeling
the release of OA with time using a Fickian diffusion model, the diffusion coefficients
for formulations at varying solvent viscosities were determined. Notably, the results of
the FTIR experiments conform to behavior predicted by the Stokes-Einstein equation,
which suggests an inverse relationship between diffusion coefficient and solvent
viscosity at a constant temperature. The results from these two sets of experiments show
that oil viscosity is an underutilized formulation parameter that allows for a higher
degree of tunability in terms of gels’ modulus and controlled release than polymer
factors alone. The results from this study will be important to those developing
transdermal drug delivery devices.
1
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2.1

Introduction
Project Overview
Characterization of organogels, i.e., mineral oil-based gels, in the Mineart Research

Group has primarily focused on the impact of polymer concentration and molecular weight
on the gels’ physical properties. This study aims to assess the impact of altering solvent
viscosity, while maintaining constant polymer factors, on the gels’ mechanical behavior
and transport properties. The goals of this study are threefold:
1. Characterize relevant pure solvent properties.
2. Determine the effect of solvent viscosity on gel mechanical behavior.
3. Determine the impact of solvent viscosity on Dg, the diffusion coefficient of
oleic acid (OA) through the gel.
Through this investigation, we will be better suited to tailor gels to specific applications,
notably transdermal drug delivery.

2.2

Motivation: Transdermal Drug Delivery
Transdermal drug delivery systems (TDDS) deliver drugs through the skin.

Traditional TDDS typically consist of a drug-loaded matrix, pressure sensitive adhesive
(PSA), a protective liner, and a non-permeable backing. PSAs adhere to surfaces upon
light application of pressure and, when removed, leave no residue on the applied
surface.1 The tunability of organogel systems shows potential for streamlining TDDS
design, combining the drug-loaded matrix and PSA into one material. Styrene-isoprenestyrene (SIS) and styrene-ethylene-butylene-styrene (SEBS) based systems have been
of particular interest because of their thermoplastic properties.2,3
2

Most research on organogel-based TDDS, thus far, are highly applied studies
that focus on the pharmacokinetics and adhesive properties of the drug loaded matrix.
In these studies formulations are optimized for 24-hour release amount, skin
permeation, i.e., permeation of the active pharmaceutical ingredient per area of skin,
and adhesion.3,4 For example, the results of one study investigating release of
testosterone from copolymer organogels demonstrates that increased polymer
concentration causes decreased drug release over 24 hours.2 Previous studies done
within the Mineart Research Group yield similar results (at higher polymer
concentrations the drug diffuses out of the matrix at a slower rate) and provide a
fundamental explanation for this behavior (diffusing drug molecules experience
increased hydrodynamic drag as more polymer chains are incorporated).4,5
Especially where formulation optimization is concerned, this fundamental
research on mechanical and transport properties can inform existing and future
pharmacological research, ultimately aiding in the development of new transdermal
drug delivery technology.

3
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3.1

Background
Nanoscale Polymer Networks
Understanding the nanoscale structure of SEBS and SIS-based gel networks is

critical for assessing their mechanical and diffusive properties. One parameter, mesh
size, is particularly important for determining diffusive behavior. In systems with
higher polymer concentrations, the probe molecule experiences more hydrodynamic
drag, inhibiting diffusion through the gel.5 As a result, it is important to understand the
micro and nano-scale structures to appropriately tailor matrices for specific
applications.
In the presence of a midblock-selective (i.e., B-selective) solvent, dilute
amounts of AB block copolymers will self-organize into microdomains with compatible
components.6 The insoluble A-blocks will aggregate and form spherical micelles, while
the rubbery B-blocks form “tails.” In systems containing ABA copolymers or ABA/AB
blends, the B-blocks will either loop back into the same micelle or bridge two micelles,
forming a physically crosslinked network in solution.7
This study focuses on dilute ABA systems. The styrenic end blocks (the Ablocks in this system) form “glassy,” physically crosslinked micelles, while the
dissolved EB midblocks connect them to form the polymer network. A schematic of
the bulk polymer network is shown in Figure 1, and the SEBS molecule is shown in
Figure 2.

4

Figure 1: Bulk structure of an organogel. The purple spheres are crosslink domains,
i.e., micelles, which are the insoluble, physically entangled polystyrene chain ends. The
dissolved poly(ethylene-butylene) blocks, shown in darker green, connect the micelles
and create the network within the gel. The smaller structures within the green phase
portray oleic acid, which is this study’s model drug.
To investigate the transport properties of the system, we add a probe molecule
to the gel during formulation. The experiments in this study use oleic acid (OA) (Figure
2), represented by the smaller green and blue structures in Figure 1. The OA molecules
move freely through the gel’s polymer network.

Figure 2: Oleic acid (OA) and styrene-ethylene-butylene-styrene (SEBS) molecules.

3.2

Mechanics Model
The first property of focus for gels varying in solvent viscosity is their uniaxial

mechanical response via tensile experiments. During these experiments, stress (σ), which

5

is defined as applied force divided by the samples initial cross-sectional area, is measured
at a constant strain rate (i.e., how quickly the sample is extended).8
Previous experiments have shown that SEBS-based organogels have non-linear
elastic stress-strain curves as would be expected for a crosslinked, rubber-like material.
Thus, this study will utilize the Slip-Tube Network Model (STN) proposed by Rubenstein
and Panyukov to quantitatively describe the stress-strain behavior of our materials’.9
Earlier models of polymer networks described polymer molecules as “virtual
chains,” i.e., chains that could pass through each other. The stress, σ, in this scenario is
given by:
1

𝜎𝜎 =𝐺𝐺𝑐𝑐 �𝜆𝜆 − 𝜆𝜆2 �

Eq. 1

where Gc is the modulus arising from the presence of a crosslinked network and λ is the
elongation coefficient (L/L0 where L and L0 are the sample length at a given time and
initially, respectively). Gc is theoretically given by the following expression:9
𝐺𝐺𝑐𝑐 = 𝑣𝑣κ𝑇𝑇

Eq. 2

where v is the chain number density, κ is the Boltzmann constant, and T is absolute
temperature. Further, the elongation coefficient is related to strain, i.e., 𝜆𝜆 = 1 +
(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠).

The slip-tube network model builds upon this earlier model by accounting for

the fact that chains cannot pass through each other. This is incorporated into the model
by adding “slip-links” on the polymer molecules so that they can slide along other
polymer chains. Movement of the slip-links is shown in Figure 3.

6

Figure 3: Polymer network chain movement according to the slip tube network model.
The slip links, represented by open circles, can slide along polymer chains; however,
the bolded chains always remain in front of the non-bolded ones.10
The incorporation of slip-links in the slip-tube network model result in the
presence of a second modulus contribution, Ge, that accounts for network chain
entanglements. This modulus contribution is proportional to polymer concentration as
follows:9
𝐺𝐺𝑒𝑒 ∝ 𝜙𝜙𝑝𝑝 2.25

Eq. 3

where ϕp is the volume fraction of polymer in the gel. The resulting expression for σ,
incorporating Gc and Ge, is as follows:
𝐺𝐺

1

𝑒𝑒
𝜎𝜎 = �𝐺𝐺𝑐𝑐 + 𝑔𝑔(𝜆𝜆)
� �𝜆𝜆 − 𝜆𝜆2 � 𝑓𝑓(𝜙𝜙𝑆𝑆 )

Eq. 4

where 𝑔𝑔(𝜆𝜆) = 0.74𝜆𝜆 + 0.61𝜆𝜆−0.5 – 0.35, 𝑓𝑓(𝜙𝜙𝑆𝑆 ) = 1 + 2.5𝜙𝜙𝑆𝑆 + 14.1𝜙𝜙𝑆𝑆2 , and 𝜙𝜙𝑠𝑠 =
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

�

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

��

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔

�. Because this model and its corresponding modulus

contributions are only dependent on polymer factors, we hypothesize that solvent
viscosity will have no impact on gels’ mechanical behavior.

3.3

Diffusion Model
The second property of focus in this study is the rate of diffusion of OA in gels. To

extract this information from experimental data, we developed a model for release of OA
based on experimental conditions. Continuum physics allows us to investigate modes of
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mass transport via multiple mechanisms. The general from of the equation of continuity
for species, α, in solvent, β, accounts for convective and molecular mass transport:
𝜕𝜕𝜌𝜌𝛼𝛼
𝜕𝜕𝑡𝑡

Eq. 5

+ ∇ ∙ (𝜌𝜌𝛼𝛼 𝐯𝐯) = −∇ ∙ 𝒋𝒋𝜶𝜶 + 𝑟𝑟𝛼𝛼

where ρα is the volumetric density of α, v is the mass velocity vector, jα is the molecular
mass flux vector of species α, and rα is a reaction rate expression with respect to α.
Assuming constant properties, Equation 5 becomes:
𝜌𝜌 �

𝜕𝜕𝜔𝜔𝛼𝛼
𝜕𝜕𝜕𝜕

+ ∇ ∙ (𝜔𝜔𝛼𝛼 𝐯𝐯)� = −𝜌𝜌𝜌𝜌∇2 𝜔𝜔𝛼𝛼 + 𝑟𝑟𝛼𝛼

Eq. 6

where ωα is the mass fraction of species α in the solvent and D is the diffusivity of species
α through solvent β. Further, the molecular mass flux term takes the familiar form of Fick’s
Law of Diffusion. Because there are no reactions and no convective mass transport, i.e.,
v=0, we can eliminate rα and the convective mass transfer term. Eliminating these terms
and expanding Fick’s Law results in the following expression, taking on cylindrical
coordinates:
𝜌𝜌

𝜕𝜕𝜔𝜔𝛼𝛼
𝜕𝜕𝜕𝜕

1 𝜕𝜕

= −𝜌𝜌𝜌𝜌 �𝑟𝑟 𝜕𝜕𝜕𝜕 �𝑟𝑟

𝜕𝜕𝜔𝜔𝛼𝛼
𝜕𝜕𝜕𝜕

1 𝜕𝜕2 𝜔𝜔𝛼𝛼

� + 𝑟𝑟 2

𝜕𝜕𝜃𝜃2

+

𝜕𝜕2 𝜔𝜔𝛼𝛼
𝜕𝜕𝑧𝑧 2

Eq. 7

�

By further specifying no angular diffusion and noting the relationship between ρ and ωα:
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝛼𝛼

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝛼𝛼

Eq. 8

𝜌𝜌𝜔𝜔𝛼𝛼 = �𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣� �𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚� = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝐶𝐶

where C is the concentration of α in the sample, Equation 7 then becomes:
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

1 𝜕𝜕

𝜕𝜕𝐶𝐶

𝜕𝜕2 𝐶𝐶

= −𝜌𝜌𝜌𝜌 �𝑟𝑟 𝜕𝜕𝜕𝜕 �𝑟𝑟 𝜕𝜕𝜕𝜕 � + 𝜕𝜕𝑧𝑧 2 �

Eq. 9

Scaling analysis provides us with the following two-dimensional diffusion equation:
𝜕𝜕𝐶𝐶𝑠𝑠
𝜕𝜕𝑡𝑡𝑠𝑠

𝐿𝐿 2 1 𝜕𝜕

= �𝑅𝑅�

𝑟𝑟𝑠𝑠 𝜕𝜕𝑟𝑟𝑠𝑠

𝜕𝜕𝐶𝐶

𝜕𝜕2 𝐶𝐶𝑠𝑠

�𝑟𝑟𝑠𝑠 𝜕𝜕𝑟𝑟𝑠𝑠 � + 𝜕𝜕𝑧𝑧
𝑠𝑠

𝑠𝑠

2

Eq. 10

8

where Cs = 𝐶𝐶

𝐶𝐶−𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚𝑚𝑚 −𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚

, ts =

𝐿𝐿2
𝐷𝐷

𝑟𝑟

𝑧𝑧

, D is the diffusivity, rs = 𝑅𝑅, R is the disc radius, and zs is 𝐿𝐿.
𝐿𝐿 2

For the discs used in this set of experiments, �𝑅𝑅� ≈ 0.02. Since this ratio is sufficiently
small, diffusion in the radial direction can be neglected. Thus, Equation 10 becomes:
𝜕𝜕𝐶𝐶𝑠𝑠
𝜕𝜕𝑡𝑡𝑠𝑠

=

𝜕𝜕2 𝐶𝐶𝑠𝑠
𝜕𝜕𝑧𝑧𝑠𝑠2

Eq. 11

The resulting equation describes one-dimensional diffusion in the z-direction.
This equation is contingent on one initial condition and two boundary conditions.
The initial condition states that concentration of α at t=0, C0, is expressed as:
𝐶𝐶(𝑧𝑧, 𝑡𝑡 = 0) =𝐶𝐶0

Eq. 12

Scaling analysis on Equation 12 using the same spatial, time, and concentration scales
results in the following condition:
𝐶𝐶𝑠𝑠, (𝑧𝑧𝑠𝑠 , 0) = 1

Eq. 13

The first boundary condition states that species α diffuses outwards. Mathematically, this
means that the concentration gradient at the center of the sample (z=0) is equal to zero:
𝜕𝜕𝜕𝜕

�

𝜕𝜕𝜕𝜕 (0,𝑡𝑡)

=0

Eq. 14

Scaling analysis on Equation 14 gives us the following:
𝜕𝜕𝐶𝐶𝑠𝑠

�

𝜕𝜕𝑧𝑧𝑠𝑠 (0,𝑡𝑡 )
𝑠𝑠

=0

Eq. 15

The second boundary condition describes the boundary between the gel and its
surroundings using a balance between the diffusive and convective mass transfer
mechanisms at this boundary:
𝐷𝐷

𝜕𝜕𝜕𝜕(𝐿𝐿,𝑡𝑡)
𝜕𝜕𝜕𝜕

= −𝑘𝑘[𝐶𝐶(𝐿𝐿, 𝑡𝑡) − 𝐶𝐶∞ ]

Eq. 16

9

where D0 is the diffusivity of α through β, k is the mass transfer coefficient, and C∞ is
the concentration of α at a point outside of the sample. Scaling Equation 16 such that
L=1 is the boundary of the gel gives us the following expression:
𝜕𝜕𝐶𝐶𝑠𝑠 (1,𝑡𝑡𝑠𝑠 )
𝜕𝜕𝑧𝑧𝑠𝑠

Eq. 17

= −𝐵𝐵𝐵𝐵𝐶𝐶𝑠𝑠 (1, 𝑡𝑡𝑠𝑠 )

where Bi is the Biot number, a ratio of convective and diffusive mass transfer. Assuming
that the oil bath is well mixed, i.e., Bi>>1, gives us the following condition:
Eq. 18

𝐶𝐶𝑠𝑠 (1, 𝑡𝑡𝑠𝑠 ) = 0

In other words, the sample, loaded with α, sits in an “infinite sink” containing no α. With
these three conditions, Equation 11 can be solved using separation of variables. The
resulting solution is as follows:
𝑚𝑚

𝑚𝑚0

1

4(−1)𝑛𝑛+1

= ∫0 �∑∞
𝑛𝑛=1 � 𝜋𝜋(2𝑛𝑛−1) � 𝑒𝑒𝑒𝑒𝑒𝑒 �− �

(2𝑛𝑛−1)𝜋𝜋 2
2

� 𝑡𝑡𝑠𝑠 � 𝑐𝑐𝑐𝑐𝑐𝑐 �

(2𝑛𝑛−1)𝜋𝜋
2

𝑧𝑧𝑠𝑠 �� 𝑑𝑑𝑧𝑧𝑠𝑠

Eq. 19

where m is the mass of species α and m0 is the initial mass of species α. Approximating
Equation 19 to the n=1 term results in the following:
𝑚𝑚

𝑚𝑚0

8

= 𝜋𝜋2 𝑒𝑒𝑒𝑒𝑒𝑒 �

−𝜋𝜋 2 𝐷𝐷𝑔𝑔
4𝐿𝐿2

𝑡𝑡�

Eq. 20
𝑚𝑚

where Dg is the diffusivity of α through a solid gel. Using Equation 20, the change in 𝑚𝑚 ,
0

i.e., retained mass, over time can be modeled by adjusting a single parameter, Dg. An
example of change in retained mass and its corresponding model fit are shown in Figure 4
below.

10

Figure 4: Change in average retained mass of OA for sample formulated with HB 200
PO and 11.2 wt% SEBS (n=3). The solid line is the model fit described by Equation
20.
Upon acquiring experimental Dg values, we can work with existing theories that
describe diffusion in polymer gels to interpret our results, namely:
𝐷𝐷𝑔𝑔 = 𝐷𝐷0 ∗ 𝑓𝑓(𝜙𝜙)

Eq. 21

where f(ϕp) is a function dependent on ϕp, the volume fraction of polymer in the gel, and
D0 is the diffusivity of the probe through pure solvent. The latter is further defined as
follows:
𝜅𝜅𝜅𝜅

𝐷𝐷0 = 6𝜋𝜋𝜇𝜇

𝛽𝛽 𝑅𝑅𝛼𝛼

Eq. 22

where μβ is the dynamic solvent viscosity and Rα is the hydrodynamic radius of α.
Equation 22 is also known as the Stokes-Einstein equation. When SEBS concentration
is held constant, i.e., f(ϕ) is constant and the probe remains unchanged (i.e., OA remains
the same size), Dg is only dependent on μβ.

11

4
4.1

Methods
Sample Preparation
Samples were prepared by dissolving desired amounts of the gel components,

i.e., SEBS, OA, and MO, in a 20:1 ratio of toluene to the gel components. Once the
components were completely dissolved, the mixture was placed in a rotary evaporator
to remove toluene. After approximately 4 hours, the resulting gel was then placed in a
vacuum oven overnight at 120 ºC to ensure that no toluene was left in the gel. The gel
was then processed into discs and strips using a Carver press at 300 ºF (148 ºC) and
minimal application of pressure.
Before proceeding with experiments, the samples were swelled in mineral oil
baths until they reached equilibrium. The mineral oil baths contained 0.5 wt% OA to
eliminate OA release during the swelling period. Equilibrium was determined by
observing the change in retained mass over the swelling period. The equilibrium SEBS
concentrations for each formulation are presented in Table A1. The average equilibrium
SEBS wt% following swelling are 6.5, 11.2, and 15.7 wt% SEBS, respectively.

4.2

Uniaxial Mechanical Testing
Uniaxial, quasi-static tensile tests were performed under ambient conditions to

determine the stress and extension of each formulation. Experiments were run on an
ADMET biaxial tensile tester using only one testing axis. Pre-swollen strips were blotted
with a Kimwipe to remove excess oil before being loaded into the machine. The average
width and thickness of the strips were 9.03 mm and 1.75 mm, respectively, and the gauge
length for all samples was set at 20 mm. The tensile tester applied the necessary force to
12

stretch gels at an extension rate of 0.2 mm/s (1% strain/s) until λ=6. Though samples were
run until λ=6, the data was only modeled until λ=4 as has been done previously.9
4.3

Infrared Spectroscopy Methods (ATR-FTIR & FTIR)
Infrared spectroscopy is a technique used to identify chemical structures based

on their absorbance of infrared radiation. This study utilized Fourier Transform Infrared
Spectroscopy (FTIR) and Attenuated Total Reflectance Infrared Spectroscopy (ATRFTIR). ATR-FTIR readings allow us to get a holistic picture of chemical composition
for thicker samples or solvents. Thus, ATR-FTIR is best suited to identify chemical
similarities in the five solvents used during formulation. ‘Standard’ FTIR, on the other
hand, provides a more sensitive measure of less concentrated compounds (like 0.5 wt%
OA) and is useful for acquiring OA retained mass information.
The main difference between FTIR and ATR-FTIR is that in ATR-FTIR, the
beam passes through a crystal before coming in contact with the surface of the sample.
This beam bounces between the sample and the crystal before reaching the detector, as
seen in Figure 5. Alternatively, the sample is mounted perpendicular to the beam in
‘standard’ FTIR and the beam is transmitted through the full thickness of the sample.

Figure 5: Schematic of ATR-FTIR.11
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FTIR experiments were conducted on a Thermo Scientific Nicolet iS10
spectrometer in an N2 purge and ambient temperature. Release experiments were
performed by first recording the mass and taking FTIR measurements of three preswollen gel discs. The average thickness and diameter of the discs were 1.7 mm and 31
mm, respectively. After this initial reading, the discs were dropped into a jar containing
the same solvent used during gel formulation. Before taking measurements, excess oil
was blotted off the discs. The jars were placed on a shaker table in between
measurements to ensure the bath was well mixed.
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5
5.1

Results & Discussion
Solvent Characterization

5.1.1 Viscosity
The solvent viscosity is the main factor being considered in this study, as
mentioned above. All the solvents are colorless and odorless aliphatic hydrocarbons. In
preliminary experiments, the viscosities of five different solvents were determined
using a viscometer. The viscosity values associated with each solvent are shown in
Figure 6.

Figure 6: The average dynamic viscosities of five different solvents.
Solvent viscosity can be described as a measure of the intermolecular forces
within a fluid: high viscosity fluids have stronger intermolecular forces than low
viscosity fluids. The increase in viscosity, here, is attributed to an increase in molecular
weight. As molecules become larger, they exert stronger dispersion forces on the
molecules around them. Squalane is the least viscous of the six solvents, while HB 1000
PO is the most viscous. The other three solvents increase in viscosity relative to the
15

number in their name, i.e., HB 200 PO is less viscous than HB 380 PO, which is less
viscous than HB 550 PO.
In past experiments, gels were exclusively formulated with 200 PO. In these
experiments, OA took ~60 hours to diffuse out of the gel, while AOT took ~600 hours.12
Predicting that experiment time would increase with solvent viscosity, these
experiments were conducted with OA due to restrictions on time. (Preliminary
calculations estimated that AOT experiments could take approximately one year.)
Calculating the polymer-independent diffusivities from the Stokes-Einstein
equation (Equation 22), as shown in Figure 4, gives an approximate theoretical change
in diffusivity values across the solvents examined in this study. Based on this
theoretical framework, we hypothesize that diffusivity will depend on solvent viscosity
as shown in Figure 7.

Figure 7: Theoretical diffusivities for each solvent, calculated using the StokesEinstein equation. The values used in the calculations are T= 294 K and Rα= 4.94 x 1010
m.
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5.1.2 ATR-FTIR Analysis
The five solvents were analyzed via ATR-FTIR to identify their major chemical
features. For FTIR spectra, chemical compounds are identified by the presence of a
peak at a designated wavelength. Table 1 lists key chemical structures and their
associated wavenumbers.
Table 1: Chemical structures and their associated IR spectrum wavenumbers.13
Functional Group
Wavenumber (cm -1)
C=O, carboxylic acids
1706 – 1720
Methyl, bending
1450
1375
Aromatic Carbons
1650 – 2000
Aliphatic Carbons
2840 – 3100
The spectra for all five solvents are shown in Figure 8. Qualitative analysis of
the spectra shows that the functional groups present in each oil are nearly identical. At
~2900 cm-1, we observe C-H stretching in all solvents. Further, we see methyl group
bending between 1300 and 1500 cm-1. Together, these frequencies indicate the presence
of aliphatic carbons.14 Because the predominant functional groups in these oils are the
same, altering the solvent should not cause any chemical changes to the gels.

Figure 8: ATR-FTIR spectra of solvents.
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5.2

Mechanical Behavior
Following tensile experiments, load vs. extension data was translated to σ vs. λ.

The resulting σ vs. λ curves were modeled by adjusting Gc and Ge according to Equation
4, the STN model for σ. An example of experimental data and its corresponding model are
shown in Figure 9 below.

Figure 9: Mechanical data (open circles) and non-linear model (line) of a gel
formulated with HB 380 PO, 6.5 wt% SEBS, and 0.5 wt% OA. Samples were run until
6.0 extension; however, were only modeled until 4.0 extension.
Modeling σ vs. λ confirms the non-linear mechanical behavior expected of
organogel systems.7,9 Tabular summaries of results and additional figures can be found
in Appendix B. Further, it was observed that at higher polymer concentrations, σ vs. λ
were steeper, reflecting stiffer gels. This trend is demonstrated in Figure 10 below.
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Figure 10: Stress vs. extension ratio data for gels formulated with HB 380 PO.
While Figure 10 demonstrates this trend in slope for one solvent, the trend holds
when comparing across samples formulated with different oils. In other words,
regardless of solvent choice, gels formulated at the same SEBS concentration had
comparable mechanical properties. This trend is further supported by trends in Gc and
Ge, a tabular presentation of which can be found in Table B2 of Appendix B. Given
constant polymer factors, Gc and Ge are constant with respect to solvent viscosity, as
presented in Figure 11.

Figure 11: Relationships between modulus contributions (Gc and Ge) and solvent
viscosity at each of the three polymer concentrations considered (labeled in top right of
each graph).
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Figure 11 also shows that Gc and Ge decrease with decreasing polymer
concentration and that, as the systems become more dilute with respect to SEBS,
stiffness of the gels is increasingly attributed to the physically crosslinked network
rather than mid-block entanglements. At 6.5 wt% SEBS, Ge ≈ 0. Because the system is
so dilute, the ethylene-butylene mid-blocks do not entangle at a measurable level. Thus,
for gels at this polymer concentration, the stress is only dependent on the contributions
from the crosslinked network.

5.3

Diffusivity of Oleic Acid
Using FTIR, we track the change in OA concentration by monitoring changes

in peak height, as seen in Figure 9. As the experiment progresses, the spectra should
stay the same, except for peaks originating from the OA molecule, because the only
change over the course of the experiment is OA release.

Figure 12: FTIR spectra of a gel formulated with HB 380 PO, 6.5 wt% SEBS, and 0.5
wt% OA. At the onset of the experiment, t=0 hours, no OA has diffused out of the gel.
At t=72 hours, the peak at 1712 cm-1 is almost zero.
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The C=O bond in oleic acid creates a well-defined peak at 1712 cm-1, consistent
with the range shown in Table 1. By tracking the change in height of the curve at this
position, the change in OA concentration can be determined using Beer’s Law, which
relates absorbance to concentration:
𝐴𝐴 = 𝑙𝑙 ∑𝑖𝑖 𝜀𝜀𝑖𝑖 𝑐𝑐𝑖𝑖

Eq. 23

where A is absorbance, l is path length, εi is the molar absorptivity, and ci is the
concentration of species i. To relate absorbances, i.e., peak heights, to retained mass,
the ratio of the absorbance at time t, At, and the initial absorbance, A0 are taken as
follows:
𝐴𝐴𝑡𝑡

𝐴𝐴0

𝑙𝑙 ∑ 𝜀𝜀 𝑐𝑐

= 𝑙𝑙 𝑡𝑡 ∑ 𝑖𝑖 𝜀𝜀 𝑖𝑖,𝑡𝑡 𝑐𝑐𝑖𝑖,𝑡𝑡
0

𝑖𝑖 𝑖𝑖,0 𝑖𝑖,0

Eq. 24

Since path length and the molar absorptivity are constant, Equation 24 becomes
𝑐𝑐𝑖𝑖,𝑡𝑡

𝑐𝑐𝑖𝑖,0

𝐴𝐴𝑡𝑡

𝐴𝐴0

=

. Because the volume of the sample is constant, the ratio of concentrations is

equivalent to the ratio of mass at time t to initial mass, i.e., retained mass. Thus, the
relationship between absorbance and retained mass is as follows:
𝐴𝐴𝑡𝑡

𝐴𝐴0

𝑚𝑚

= 𝑚𝑚𝑡𝑡

0

Eq. 25

Equation 25 provides a simple way of determining retained mass from FTIR spectra. After
determining
Equation 20.

𝑚𝑚𝑡𝑡

𝑚𝑚0

at each time point, the change in retained mass can be modeled using

Comparing retained mass profiles for gels formulated at the same copolymer
concentration shows slight variations in release rate. These variations can be observed in
Figure 13. The rate of change in retained mass is inversely dependent on polymer
concentration; however, the differences are fairly minimal.
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Figure 13: Average retained mass and model for gels formulated with HB 550 PO oil. The
model from Equation 20 is represented for each case by a solid line.
Holding polymer concentration constant, analysis of retained mass profiles shows
that samples formulated with less viscous oils show steeper decreases in OA retained mass.
This trend is shown below in Figure 14. As solvent viscosity decreases, the initial slopes
of the retained mass curves increase. This trend is analogous to what was observed as
polymer concentration decreased. Additionally, the time that it takes for 𝑚𝑚/𝑚𝑚0 ≈ 0

increases with oil viscosity. In comparison to polymer concentration, changing solvent

viscosity has a considerably more dramatic effect on the rate at which the probe molecule
diffuses out of the gel.
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Figure 14: Average retained mass and model for gels containing 6.5 wt% SEBS (n=3).
The model from Equation 20 is represented for each case by a solid line.
All retained mass profiles were modeled using the one-dimensional diffusion
model (Equation 20) and the resulting Dg values are recorded in Table C1 of Appendix
C. The experimental Dg values are well-modeled by the Stokes-Einstein equation in
each of the three constant polymer concentration series. This conclusion becomes
apparent by plotting the Dg values obtained by modeling retained mass vs. μβ-1. Plotting

D g (cm 2/s)

Dg vs. μβ-1 results in a linear relationship, as presented in Figure 15.

Figure 15: Average Dg vs. μβ-1 for gels formulated at each SEBS concentration, which
are labeled in each graph (n=3). Lines are linear fits to the data.
This trend is consistent with what is expected by Equation 22. The slope, m, of
𝜅𝜅𝜅𝜅

the trendline through the points is expected to be 𝑚𝑚 = 6𝜋𝜋𝑅𝑅 = 4.36 × 10−6 𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝑐𝑐𝑐𝑐2
𝛼𝛼
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at T=294 K and Rα=4.94 x 10-10 m. The slopes of the trendlines shown in Figure 15 are
presented in Table 2 below.
Table 2: Slopes of Dg vs. μβ-1 trendlines. The theoretical slope, m, is 4.36 x 10-9
mPa*cm2.
SEBS wt%
m, mPa*cm2
6.5
3.98 x 10-6
11.2
2.92 x 10-6
15.7
2.60 x 10-6
Comparing the theoretical and experimental slopes, we find that the slopes of
the trendlines are smaller than the theoretical value. Additionally, the trendline slopes
decrease with increasing polymer concentration. The Stokes-Einstein equation does not
account for the polymer network within the gel. As the system becomes more
concentrated with respect to polymer, the probe molecule experiences more resistance
to diffusion. The theoretical slope should be larger than that obtained from modeling
experimental data.
Thus, increasing solvent viscosity hinders diffusion of OA through a gel.
Further, the effect of solvent viscosity greatly outweighs that of polymer concentration
in the gel, as the retained mass profiles demonstrated differences between gels at
different polymer concentrations. The Dg values (Table C1) obtained by modeling the
retained mass curves are more sensitive to changes in solvent viscosity than polymer
concentration.
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Conclusion
Altering the solvent viscosity of polymeric organogel system provides an

avenue for tailoring the transport properties without impacting mechanical behavior.
Modeling mechanical data showed σ(λ), Gc, and Ge, were constant with respect to
solvent viscosity, confirming our initial hypothesis based on the theoretical basis of the
STN model. For a constant polymer concentration, the diffusivity of OA through the
gel increases with inverse viscosity. Additionally, analysis of ATR-FTIR spectra
indicate that there are no major chemical differences between the different solvents.
Tailoring of transport properties via solvent viscosity notably offers TDDS design
another degree of flexibility, allowing for the development of limited or niche use
treatments.
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Future Work
Future investigations may use small angle x-ray scattering (SAXS) experiments

to confirm that the internal nanoscale structure of the gel is not changed by altering
solvent viscosity. This technique can also be used to further confirm commonalities
between the solvents.
Informed by others’ research on TDDS, future investigations may also focus on
adhesive properties. Current pharmacological studies utilize “tackifiers,” typically a
hydrocarbon resin, to enhance the adhesive properties of the drug matrices.3,4,15 In
handling our organogel samples, there is an inherent “tackiness” to the gels. To further
streamline the construction of TDDS, it is worth investigating the impact of polymer
concentration and solvent viscosity on the adhesive properties of organogels.
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Appendices
Appendix A: Sample Preparation
The equilibrium SEBS concentrations for each formulation are shown in Table
A1 below. The values were calculated by dividing the initial concentration of SEBS
copolymer by the final retained mass of the preswollen sample.
Table A1: Equilibrium SEBS concentrations for each formulation.
Oil
Squalane
HB 200 PO
HB 380 PO
HB 550 PO
HB 1000 PO
Average

10
6.37
5.36
5.53
5.98
7.3
6.5

formulated SEBS wt%
20
10.4
9.23
9.91
9.41
12.1
11.2

30
14.2
14.4
12.8
13.9
16.9
15.7

A1

Appendix B: Mechanical Modeling and Results
The Gc and Ge values obtained through modeling mechanical experiment data
are shown in Table B1.
Table B1: Experimental Gc and Ge values
Oil
Squalane
HB 200 PO
HB 380 PO
HB 550 PO
HB 1000 PO
Oil
Squalane
HB 200 PO
HB 380 PO
HB 550 PO
HB 1000 PO

6.5 wt% SEBS
3.72
4.49
4.22
4.09
4.75

Gc (MPa)
11.2 wt% SEBS
10.81
11.78
11.05
11.92
12.00

15.7 wt% SEBS
23.42
26.10
25.39
24.91
23.44

6.5 wt% SEBS
-

Ge (MPa)
11.2 wt% SEBS
1.86
1.32
1.53
1.95
2.80

15.7 wt% SEBS
6.81
5.74
5.00
6.50
8.01

Representative stress-strain curves for gels formulated at each oil concentration are
shown in Figures B1-B4.

A2

Figure B1: Representative stress-strain curve for gels formulated with HB 200 PO

Figure B2: representative stress-strain curve for gels formulated with HB 550 PO.
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Figure B3: Representative stress-strain curves for gels formulated with HB 1000 PO.

Figure B4: Representative stress-strain curves for gels formulated with squalane.
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Appendix C: Diffusion Modeling and Results
Average experimental diffusivities, Dg, are found in Table C1 below.
Table C1: Average experimental diffusivities of each formulation (n=3). Values are D
x 10-7 cm2/s.
Oil
Squalane
HB 200 PO
HB 380 PO
HB 550 PO
HB 1000 PO

6.5 wt% SEBS
1.53
0.545
0.517
0.321
0.221

11.2 wt% SEBS
1.18
0.593
0.389
0.322
0.229

15.7 wt% SEBS
1.07
0.539
0.428
0.268
0.228

The average retained masses for each formulation are shown in Figures C1-C14.

Figure C1: Average retained mass for samples formulated at 10 wt% SEBS and
squalane (n=3).

A5

Figure C2: Average retained mass for samples formulated with 20 wt% SEBS and
squalane (n=3).

Figure C3: Average retained mass for samples formulated with 30 wt% SEBS and
squalane (n=3).
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Figure C4: average retained mass for samples formulated at 10 wt% SEBS and HB 200
PO (n=3).

Figure C5: average retained mass for samples formulated at 20 wt% SEBS and HB 200
PO (n=3).
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Figure C6: average retained mass for samples formulated at 30 wt% SEBS and HB 200
PO (n=3).

Figure C7: average retained mass for samples formulated at 20 wt% SEBS and HB 380
PO (n=3).
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Figure C8: average retained mass for samples formulated at 30 wt% SEBS and HB 380
PO (n=3).

Figure C9: Average retained mass for samples formulated at 10 wt% SEBS and HB 550
PO (n=3).
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Figure C10: Average retained mass for samples formulated at 20 wt% SEBS and HB
550 PO (n=3).

Figure C11: Average retained mass for samples formulated at 30 wt% SEBS and HB
550 PO (n=3).
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Figure C12: Average retained mass for samples formulated at 10 wt% SEBS and HB
1000 PO (n=3).

Figure C13: Average retained mass for samples formulated at 20 wt% SEBS and HB
1000 PO (n=3).
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Figure C14: Average retained mass for samples formulated at 30 wt% SEBS and HB
1000 PO (n=3).
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